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(54) System for controlling recirculated exhaust gas temperature in an internal combustion 
engine 



(57) A system (50) for controlling the temperature of 
recirculated exhaust gas supplied to an internal com- 
bustion engine (50). In one embodiment, the system 
(50) includes a heat exchanger (56) having the recircu- 
lated exhaust gas flowing therethrough and further hav- 
ing coolant fluid flowing therethrough. A control valve is 
disposed within the flow path of the coolant fluid, and 
the valve position is modulated to vary the rate of coolant 
fluid flow through the heat exchanger, thereby control- 
ling the temperature of the recirculated exhaust gas sup- 



plied by the heat exchanger In another embodiment, the 
heat exchanger defines a number of exhaust gas flow 
passages therethrough and a number of gas flow control 
valves are disposed between the exhaust gas inlet of 
the heat exchanger and the number of exhaust gas flow 
passages. The exhaust gas flow control valves are se- 
lectively actuated to disable exhaust gas flow through 
any number of subsets of the exhaust gas flow passag- 
es, thereby controlling the temperature of recirculated 
exhaust gas supplied by the heat exchanger. 
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Deserlptfon 

Field of the Invention: 

The present invention relates generally to exhaust 
gas recirculation (EGR) systems of internal combustion 
engines, and more specifically to techniques for control- 
ling recirculated gas temperature. 

BACKGROUND OF THE INVENTION 

It is generally recognized that the production of nox- 
ious oxides of nitrogen (NOx) which pollute the atmos- 
phere are undesirable. Steps are therefore typically tak- 
en to eliminate, or at least minimize, the formation of 
Npx constituents in the exhaust gas products of an in- 
ternal combustion engine. 

The presence of NO^ in the exhaust gas of internal 
combustion engines is generally understood to depend, 
in large part, on the temperature of combustion within 
the combustion chamber of the engine. In connectton 
with controlling the emissions of such unwanted exhaust 
gas constituents from internal combustfon engines, it is 
widely known to recirculate a portion of the exhaust gas 
back to the air intake portion of the engine (so-called 
exhaust gas recirculation or EGR). Since the recirculat- 
ed exhaust gas effectively reduces the oxygen concen- 
tration of the combustion air, the flame temperature at 
combustion is correspondingly reduced, and since NO^ 
production rate is exponentially related to flame temper- 
ature, such exhaust gas recirculation (EGR) has the ef- 
fect of reducing the emission of NOjj. 

It is further known to cool the recirculated exhaust 
gas prior to introduction of the gas at the engine air in- 
take port. An EGR cooler is therefore typically arranged 
within the exhaust gas recirculation system to cool the 
stream of recirculated exhaust gas. The temperature of 
the exhaust gas exiting from the cooler is critical both to 
the NOx control process and to the integrity of the cooler 
and the downstream components, such as EGR con- 
duits, EGR flow control valves and the engine itself. 
However, due to the wide range of EGR gas conditions 
at the cooler, and under certain operating conditions of 
the engine, it is desirable to have active control of the 
EGR gas temperature at the outlet of the EGR cooler. 
For example, while a typical EGR cooler may satisfac- 
torily cool EGR gas under full-load engine conditions, 
under light-loaded conditions of the engine, that is, 
where EGR flow rates are relatively low, the EGR gas 
may be over-cooled. This results in the accumulation of 
carbon and acid condensates on the mechanical com- 
ponents downstream of the EGR cooler outlet, thereby 
compromising the integrity of the EGR cooler and the 
downstream mechanical components, including the en- 
gine. 

FIG. 1 is a diagrammatical illustration of a known 
EGR system 1 0 including known components for active- 
ly controlling the temperature of the recirculated exhaust 



gas. Referring to FIG. 1 , an internal combustion engine 
12 includes an air intake manifold 14 attached to the en- 
gine 12 and coupled to the various combustion cham- 
bers of the engine, which receives intake ambient air via 

5 conduit 16. An exhaust gas manifold 18 is attached to 
the engine 12 and coupled to the exhaust gas ports of 
the various combustion chambers of the engine, and 
supplies exhaust gas to the ambient via exhaust gas 
conduit 20. The engine 12 lypfcally includes a fan 22 

10 which is driven by the rotary motion of the engine, and 
which is typically used to cool engine coolant fluid flow- 
ing through a radiator (not shown) posltraned proximate 
to the fan 22. 

A first conduit 24 is connected at one end to the ex- 

is haust gas manifold 18. and at its opposite end to EGR 
cooler 26. An EGR flow control valve 28 is connected at 
one end thereof to EGR cooler 26 via conduit 30, and 
at an opposite end thereof to intake manifold 1 4 via con- 
duit 32. 

20 In accordance with one known technique for active- 
ly controlling the temperature of the recirculated exhaust 
gas provided to EGR flow control valve 28, and example 
of which is set forth in U.S. Patent No. 4.147,141 to Na- 
gano, a second exhaust gas flow control valve 40 is in- 

25 terposed between sections of conduit 24. and provides 
a bypass flow path therefrom to conduit 30 via conduit 
42 (both shown in phantom). A control circuit 34 includes 
an input/output (I/O) port connected to EGR flow control 
valve 28 via signal path 38, and an output OUT1 con- 

50 nected to exhaust gas flow control valve 40 via signal 
path 44. 

In operation, the EGR flow control valve 28 may in- 
clude a temperature sensor therein which provides a 
temperature signal to control circuit 34, via signal path 

55 38, corresponding to the temperature of recirculated ex- 
haust gas provided to valve 28, In response to the tem- 
perature signal, control circuit 34 provides a corre- 
sponding control signal to exhaust gas control valve 40, 
which is operable to divert any desired amount of ex- 

^ haust gas directly to EGR flow control valve 28 via con- 
duit 40. thereby bypassing EGR cooler 26. In this man- 
ner, control system 34 is operable to control the temper- 
ature of recirculated exhaust gas supplied to EGR flow 
control valve 28 by controlling the amount of recirculated 

4S exhaust gas that flows through EGR cooler 26. and the 
amount of recirculated exhaust gas that flows through 
bypass conduit 42. 

In accordance with another known technique for ac- 
tively controlling the temperature of the recirculated ex- 

50 haust gas provided to EG R flow control valve 28, an ex- 
ample of which is set forth in U.S. Patent No. 4,323,045 
to Yamashita, control circuit 34 includes an output 0UT2 
connected to a fan 46 via signal path 48 (shown in phan- 
tom). In the Yamashita system, exhaust gas flow control 

55 valve 40 and bypass conduit 42 are omitted so that con- 
duit 24 connects exhaust gas manifoW 18 directly to 
EGR cooler 26. In Qperatfon. control circuit 34 monitors 
intake mantfokJ air pressure via signal path 38, whfch 
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may be connected to a pressure sensor mechanisnn lo- 
cated within EGR flow control valve 28 or a separate 
pressure sensing mechanism coupled to the air intake 
manifold, and actuates the fan 46, which is located prox- 
imate to EGR cooler 26, accordingly. For example, when 5 
the engine load is low, and air intake vacuum is high, 
control system 34 does not actuate fan 26, and EGR 
cooler 26 is therefore not externally cooled. However, 
as engine load increases, and intake manifold vacuum 
correspondingly decreases, control system 34 energiz- io 
es fan 46. which exlemally cools EGR cooler 26 and 
thereby enhances the cooling effect thereof. 

While each of the foregoing known techniques for 
actively controlling the temperature of recirculated ex- 
haust gas may be somewhat effective, both suffer from is 
Inherent drawbacks. For example, while the Nagano ar- 
rangement provides for a high degree of control over the 
temperature of recirculated exhaust gas provided to 
EGR flow control valve 28, it should be understood that, 
under certain engine operating conditions, the recircu- 20 
lated exhaust gas provided to EGR flow control valve 
28 may be a mixture of un-cooled exhaust gas flowing 
through bypass conduit 42 and over-cooled exhaust gas 
flowing through EGR cooler 26 and the portion of con- 
duit 30 upstream of bypass conduit 42. Under such op- 25 
erating conditions, EGR cooler 26 and the portion of 
conduit 30 upstream of bypass conduit 42 are thus sub- 
ject to the deleterious effects of over-cooled exhaust gas 
as described above. Moreover, available space in the 
engine compartment of the vehicle may be limited, and 30 
there simply may not be room to include the extra by- 
pass conduit 42 and associated exhaust gas flow control 
valve 40. While fan 46. on the other hand, provides for 
enhanced cooling of the EGR cooler 26 Itself, and may 
thereby obviate the need for bypass conduit 42, the fan 55 
arrangement provides for only a relatively low degree of 
recirculated exhaust gas temperature control. Specifi- 
cally, fan 46 permits only a two-level cooling effect, I.e. 
either fan "off or fan 'on". 

What Is therefore needed is a system for providing 40 
active control over recirculated exhaust gas tempera- 
lure that permits a high-degree of temperature control 
while minimizing exhaust gas over-cooling conditions 
which lead to degradation In the integrity of the EGR 
cooler and the downstream mechanical components, in- 45 
eluding the engine. Preferably, such an EGR tempera- 
lure control system should consume minimal space in 
the engine compartment, and should therefore prefera- 
bly be incorporated within the EGR cooler design itself. 

so 

SUMMARY OF THE INVENTION 

The foregoing shortcomings of known prior art sys- 
tems are addressed by the present invention. In accord- 
ance with one aspect of the present invention, an appa- ss 
ratus for controlling the temperature of recirculated ex- 
haust gas in an internal combustion engine comprises 
a first conduit coupled at one end to an exhaust gas port 
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of the engine, a second conduit coupled at one end to 
an air inlet port of the engine, and a heat exchanger in- 
cluding a gas inlet port connected to an opposite end of 
the first conduit and receiving exhaust gas therefrom, 
and a gas outlet port connected to an opposite end of 
the second conduit and supplying recirculated exhaust 
gas thereto. The heat exchanger further includes means 
for varying a heat exchange capability of the heat ex- 
changer, and the apparatus further Includes means for 
controlling the means for varying a heat exchange ca- 
pability of the heat exchanger, to thereby control the 
temperature of the recirculated exhaust gas. 

In accordance with another aspect of the present 
invention, the apparatus further includes a source of 
coolant fluid, the heat exchanger includes a coolant inlet 
port connected to the source of coolant fluid and a cool- 
ant outlet port, and defines a coolant flow path there- 
through from the source of coolant fluid to the coolant 
outlet port. The means for varying a heat exchange ca- 
pability of the heat exchanger includes a coolant control 
valve disposed within the coolant flow path, which is op- 
erable tocontrol a rate of coolant flow therethrough. One 
means for controlling the means for varying a heat ex- 
change capability of the heat exchanger includes means 
for determining recirculated exhaust gas temperature 
and modulating the coolant control valve in accordance 
therewith to thereby control the temperature of the re- 
circulated exhaust gas. Alternatively, the means for con- 
trolling the means for varying heat exchange capability 
of the heat exchanger includes means for determining 
a flow rate of the recirculated exhaust gas and modulat- 
ing the coolant control valve in accordance therewith to 
thereby control the temperature of the recirculated ex- 
haust gas. 

In accordance with a further aspect of the present 
invention, the heat exchanger defines a number of ex- 
haust gas flow paths therethrough from the gas inlet port 
to the gas outlet port, and wherein the means for varying 
a heat exchange capability of the heat exchanger in- 
cludes means for selectively disabling exhaust gas flow 
through certain ones of the number of exhaust gas flow 
paths. One means for controlling the means for varying 
heat exchange capability of the heat exchanger includes 
means for determining recirculated exhaust gas temper- 
ature and selectively disabling exhaust gas flow through 
certain ones of the number of exhaust gas flow paths in 
accordance therewith to thereby control the tempera- 
ture of the recirculated exhaust gas. Alternatively, the 
means for controlling the means for varying heat ex- 
change capability of the heat exchanger includes means 
for determining a flow rate of the recirculated exhaust 
gas and selectively disabling exhaust gas flow through 
certain ones of the number of exhaust gas flow paths in 
accordance therewith to thereby control the tempera- 
ture of the recirculated exhaust gas. 

In accordance with yet another aspect of the 
present inventton, the heat exchanger defines a gas by- 
pass channel therethrough from the gas inlet port to the 
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gas outlet port, wherein the gas bypass channel bypass- 
es all gas flow paths therethrough such that the temper- 
ature of exhaust gas flowing through the heat exchanger 
is only minimally affected by the heat exchanger 

One object of the present invention is to provide a 
system for actively controlling the temperature of recir- 
culated exhaust gas provided to an internal combustion 
engine. 

Another object of the present invention is to provide 
such a system having an EGR cooler coupled to a 
source of coolant fluid, wherein a control system is op- 
erable to modulate the rate of coolant fluid flow there- 
through to thereby control the temperature of recirculat- 
ed exhaust gas. 

Yet another object of the present invention is to pro- 
vide such a system having an EGR cooler defining a 
number of EGR gas flow paths therethrough, wherein 
the EGR cooler includes means for selectively disabling 
EGR gas through certain ones of the number of EGR 
gas flow paths to thereby control the temperature of the 
recirculated exhaust gas. 

These and other objects of the present invention will 
become more apparent from the following descriptfon of 
the preferred embodiment. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagrammatic illustration of known tech- 
niques for actively controlling the temperature of re- 
circulated exhaust gas provided to an air Intake port 
of an internal combustion engine; 
FIG. 2 is a diagrammatic Illustration of. one embod- 
iment of a system for actively controlling recirculat- 
ed exhaust gas temperature provided to an air in- 
take port of the engine, in accordance with one as- 
pect of the present invention; 
FIG. 3 is a diagrammatic illustration of the EGR 
cooler and associated control system components 
of FIG. 2. showing details thereof; 
FIG. 3A is a cross-sectional view of the EGR cooler 
of FIG. 3. viewed along section lines 3A-3A; 
FIG. 4 is a chart illustrating the effect on EGR tem- 
perature and EGR coolant temperature of the EGR 
temperature control system of FIG. 2; 
FIG. 5 is a diagrammatic illustration of another em- 
bodiment of a system for controlling the tempera- 
ture of recirculated exhaust gas provided to an air 
Intake port of the engine, in accordance with anoth- 
er aspect of the present invention; 
FIG. 6 Is a diagrammatic illustration of one embod- 
iment of the EGR cooler and associated control sys- 
tem components of FIG. 5, showing details thereof; 
FIG. 6A is a cross-sectional view of the EGR cooler 
of FIG. 6, viewed along section lines 6A-6A; 
FIG. 7 Is a diagrammatic illustration of an alternate 
embodiment of the EGR cooler and the associated 
control system components of FIG. 5. showing de- 
tails thereof; 
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FIG. 8 A Is a cross-sectional view showing one em- 
bodiment of the Intemal structure of the EGR cooler 
of FIG. 7. viewed along section lines 8-8; 
FIG. 88 is a cross-sectional view showing the inter- 
nal structure of another embodiment of the EGR 
cooler of FIG. 7, viewed along section lines 8-8; 
FIG. 8C is a cross-sectional view showing the inter- 
nal stnjcture of yet another embodiment of the EGR 
cooler of FIG. 7, viewed along section lines 8-8; 
FIG. 9A is a cross-sectional view showing one em- 
bodiment of the valve engaging wall of the EGR 
cooler of FIG. 7, viewed along section lines 9-9; and 
FIG. 9B is a cross-sectional view showing an alter- 
nate embodiment of the valve engaging wall of the 
EGR cooler of FIG. 7. viewed along section lines 
9-9. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 



20 For the purposes of promoting an understanding of 
the principles of the invention, reference will now be 
made to the embodiments illustrated in the drawings 
and specific language will be used to describe the same. 
It will nevertheless be understood that no limitatkin of 

2S the scope of the invention Is thereby intended, such al- 
terations and further modifications In the illustrated de- 
vices, and such further applications of the principles of 
the invention as illustrated therein being contemplated 
as would nomnally occur to one skilled in the art to which 

50 the invention relates. 

The present Invention Is directed to techniques for 
controlling recirculated exhaust gas temperature in an 
exhaust gas recirculation system of an internal combus- 
tion engine. In so doing, the present invention exercises 

35 active control over the recirculated exhaust gas temper- 
ature by controlling the heat exchange capability of a 
heat exchanger, or EGR cooler, in an exhaust gas recir- 
culation system. As used herein, the term "heat ex- 
change capability" of such a heat exchanger is defined 

40 as the ability of the heat exchanger itself to transfer heat 
therefrom to ambient. In accordance with the present 
invention, two technkiues (or a combination thereof) are 
disclosed for controlling the heat exchange capability of 
an EGR heat exchanger. 

4S The EGR gas temperature exiting from an EGR 
heat exchanger depends of many factors including EGR 
mass flow rate and effective Reynolds number (heat ex- 
changer effectiveness), heat exchanger coolant flow 
rate (in fluid cooled heat exchangers), the state of EGR 

50 gas at the heat exchanger inlet (pressure, temperature 
and composition vary with such factors as engine speed 
and load, air-fuel ratio, fuel composition and the like), 
coolant temperature at the heat exchanger cooler inlet 
(which varies as a function of engine speed and load, 

55 ambient temperature and other factors), the extent of 
fouling or exhaust deposits in the heat exchanger and 
the design of the heat exchanger Itself (including cooling 
mechanism such as air or liquid, flow type such as par- 
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allel-flow or counter-flow, active heat exchanging sur- 
face, and other factors). 

In accordance with the present Invention, the heat 
exchange capability of an EGR heat exchanger is con- 
trolled by varying either the heat exchanger effective- 
ness or the heat exchanger coolant flow rate (or a com- 
bination of the two), both of which have the ultimate ef- 
fect of controlling the temperature of EGR gas exiting 
the heat exchanger 

Referring now to FIG. 2, one embodiment of a sys- 
tem 50 for actively controlling recirculated exhaust gas 
temperature, in accordance with one aspect of the 
present invention, is shown. System 50 includes an in- 
temal combustion engine 12 having an air intake man- 
ifold 14 attached thereto and coupled to the various 
combustion chambers of the engine (not shown), which 
receives intake ambient air via conduit 16. An exhaust 
manifold 18 is attached to the engine 1 2 and coupled to 
the exhaust ports of the various combustfon chambers 
of the engine (not shown), and supplies exhaust gas to 
the ambient via exhaust gas conduit 20. The engine 12 
includes a fan 22 which is driven by the rotary motion of 
the engine, and which may be used to cool fluid source 
62 as will be described hereinafter. In one preferred em- 
bodiment, intemal combustion engine 12 is a diesel en- 
gine, although the present invention contemplates uti- 
lizing the techniques described herein with any intemal 
combustion engine. 

A first conduit 51 Is connected at one end to the ex- 
haust gas manifold 18. and at its opposite end to a 
known EGR flow control valve 28. A second conduit 52 
is connected at one end to EGR flow control valve 28, 
and at Its opposite end to an Input port 54 of a heat ex- 
changer, or EGR cooler 56. An output port 58 of EGR 
cooler 56 is connected to air intake manifold 1 4 via con- 
duit 60. Alternatively, as shown in phantom in FIG. 2, 
EGR flow control valve may be Interposed between 
EGR cooler 56 and air intake manifold 1 4. and connect- 
ed to conduit 60 as shown. 

A source of heat exchanger coolant fluid 62 is con- 
nected via conduit 64 to a coolant inlet port 66 of EGR 
cooler 56, and a coolant outlet port 68 of EGR cooler 56 
Is connected back to coolant fluid source 62 via conduit 
70. Preferably, coolant fluid source 62 is a known engine 
radiator positioned proximate to cooling fan 22, and con- 
tains a known engine coolant fluid flowing therethrough, 
although the present invention contemplates that cool- 
ant fluid source 62 may be any source of coolant fluid. 
For example, the present invention contemplates utiliz- 
ing a coolant fluid source having a coolant fluid therein 
with a boiling point that is higher than conventional wa- 
ter-glycol engine coolant fluid. In such a case, coolant 
fluid source 62 and conduits 64 and 70 would require at 
least a fluid pump, condenser and fluid pressure control 
device (not shown) as is known in the art. Such a coolant 
fluid could be circulated through EG R cooler 56 at a tem- 
perature which would be a function of the coolant fluid 
pressure, thereby provWing for highly accurate control 



of EGR gas temperature, and permitting resullantly 
higher EGR gas temperatures than with conventional 
water-glycol mixtures. 

An electronic control system 72 is operable to re- 
5 ceive a number N of inputs indicative of various vehicle, 
system or machine operating parameters at Input INqp 
via signal path 74. An input/output (I/O) is connected to 
EGR flow control valve 28 via signal path 38. whereby 
control system 72 Is operable to control the flow rate of 
10 recirculated exhaust gas therethrough In accordance 
with known techniques. Input IN^q of control system 72 
is connected to an output OUT of EGR cooler 56 via 
signal path 76, which may include any number J of sig- 
nal lines. An output OUT^c of control system 72 is con- 
^5 nected to a signal input IN of EGR cooler 56 via signal 
path 78. Preferably, control system 72 is microproces- 
sor-based and may comprise at least a portion of a 
known engine, vehicle or system control computer. 
Ref enlng now to FIG. 3, a preferred embodiment of 
20 EGR cooler 56 and associated control system compo- 
nents are shown. EGR cooler 56 includes a housing 80 
deflning exhaust gas inlet port 54. EGR gas outlet 58, 
EGR coolant Inlet 66 and EGR coolant outlet 68. Refer- 
ring to FIG. 3A, exhaust gas entering EGR gas inlet 54 
25 flows toward EGR gas outlet 58 via a number of exhaust 
gas flow paths 82, which are preferably constructed of 
hollow tubes. Areas 84 surrounding tubes 82 define a 
coolant flow path for the EGR coolant supplied by cool- 
ant fluid source 62. The EGR gas flow path structure of 
30 FIG. 3A is a known design for maximizing the surface 
area of EGR cooler 56 that may be cooled by EGR cool- 
ant fluid from coolant fluid source 62, wherein the sur- 
face area of EGR cooler 56 that Is exposed to incoming 
exhaust gas is defined by the number and surface area 
35 of exhaust gas flow paths 82. 

In accordance with an important aspect of the 
present invention, control system 72 Is. in the embodi- 
ment shown in FIG. 3, operable to determine recirculat- 
ed exhaust gas temperature and modulate the rate of 
40 EGR coolant fluid flow through EGR cooler 56. To this 
end, EGR cooler 56 may include one or more tempera- 
ture sensors operable to sense the temperature of a cor- 
responding component of EGR cooler 56. For example, 
one temperature sensor 90 may be disposed within 
4S EGR cooler outlet port 68, which is connected to input 
INI of control system 72 via signal path 92. However, 
the present invention contemplates positioning temper- 
ature sensor 90 anywhere within EGR coolant outlet 
port 68 or conduit 70 (FIG. 2). the Importance being that 
so temperature sensor 90 is operable to sense the temper- 
ature of EGR coolant fluid exiting EGR cooler 56. A tem- 
perature sensor 94 may further be disposed within EGR 
gas outlet port 58 of EGR cooler 56, which Is connected 
to Input IN2 of control system 72 via signal path 96. As 
55 with temperature sensor 90. it is to be understood that 
temperature sensor 94 may be located anywhere within 
EGR gas outlet port 58. conduit 60 (FIG. 2), flow control 
valve 28 or conduit 32. the importance being in that tem- 
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perature sensor 94 is operable to sense the temperature 
of EGR gas provided by EGR cooler 56 to the air intake 
manifold 14 of engine 12. 

A temperature sensor 98 may further be attached 
to the housing 80 of EGR cooler 56. which Is connected 
to input IN3 of control system 72 via signal path 100. 
Temperature sensor 98 may be attached anywhere on 
EGR cooler 56 in contact with housing 80. or in close 
proximity thereto, the importance being that tempera- 
ture sensor 98 is operable to sense a temperature of the 
housing 80 of EGR cooler 56. A temperature sensor 102 
may further be disposed within EGR coolant inlet port 
66, which is connected to input IN4 of control system 72 
via signal path 104. Temperature sensor 102 may be 
positioned anywhere within EGR coolant inlet port 66 or 
conduit 64 (FIG. 2), the importance being that temper- 
ature sensor 102 is operable to sense the temperature 
of EGR coolant fluid flowing from coolant fluid source 
62 into EGR cooler 56. 

Also disposed within EGR coolant inlet port 66 is an 
EGR coolant fluid flow control valve 86, which is con- 
nected to output OUT1 of control system 72 via signal 
path 88. Preferably, EGR coolant fluid flow control valve 
86 is a known butterfly-type valve that may be electron- 
ically actuatable via control system 72, although the 
present invention contemplates utilizing any known 
valve and/or mechanical linkage system attached there- 
to which can be electronically controlled by control sys- 
tem 72. In any case, the position of valve 86 within EGR 
coolant inlet port 66 is preferably continuously variable 
to thereby allow control system 72 to accurately modu- 
late the rate of flow of EGR coolant fluid through EGR 
cooler 56. Further, while valve 86 is shown in FIG. 3 as 
positbned within EGR cooler inlet port 66, it is to be un- 
derstood that valve 86 may be positioned anywhere 
within EGR coolant inlet port 66, conduits 64 or 70 (FIG. 
2), EGR coolant outlet port 68 or within the fluid source 
62 or EGR cooler 56, the importance of such positioning 
being only that valve 86 is operable to modulate the rate 
of flow of EGR coolant fluid through EGR cooler 56. 

In operation, the rate of EGR coolant fluid flow 
through EGR cooler 56 is controlled by control system 
72 to provide the required EGR gas temperature sup- 
plied at EGR gas outlet port 58. For constant EGR gas 
flow conditions, the temperature of the EGR coolant fluid 
exiting EGR coolant outlet port 68 will increase as the 
EGR coolant fluid inlet flow rate at EGR coolant inlet port 
66 is reduced via actuation of valve 86, thereby resulting 
in increased EGR gas temperature at EGR gas outlet 
port 58. Conversely, increasing the EGR coolant flow 
rate through EGR coolant inlet port 66 via actuatbn of 
valve 86 causes the temperature of the EGR coolant flu- 
id exiting EGR cooler outlet port 68 to decrease, result- 
ing in a decrease in the EGR gas temperature at EGR 
gas outlet port 58. 

The foregoing concepts are illustrated In the chart 
of FIG. 4. which illustrates the effect on EGR coolant 
fluid outlet temperature and EGR gas outlet temperature 



of a modulatk)n in the flow rate of EGR coolant fluid 
through EGR cooler 56. While the chart of FIG. 4, as 
well as EGR cooler 56 illustrated in FIGS. 3 and 3A. de- 
scribe a so-called parallel-flow EGR cooler, it Is to be 

5 understood that EGR coolers having other flow-types 
may also be used with the present invention, including, 
for example, counter-flow EGR coolers. Referring to 
FIG. 4, EGR gas temperature signal 110 illustrates the 
effect on EGR gas temperature of EGR cooler 56 as the 

10 exhaust gas flows through EGR cooler 56 under maxi- 
mum EGR coolant fluid flow conditions. Similarly, EGR 
coolant fluid temperature signal 112 illustrates the tem- 
perature of EGR coolant fluid as it flows through EGR 
cooler 56. It should be noted that under full EGR coolant 

IS fiukJ flow conditions, the temperature of EGR coolant flu- 
Id 112 remains relatively constant, while the tempera- 
lure of EGR gas 110 decreases from approximately 
350*C at EGR gas inlet port 54 to approximately 1 35'*C. 
EGR gas temperature signal 116 illustrates the ef- 

20 feet on EGR gas temperature of EGR cooler 56 under 
reduced EGR coolant fluid flow conditions. Similarly, 
EGR coolant fluid temperature signal 114 illustrates the 
temperature of EGR coolant fluid as it flows through 
EGR cooler 56 under such reduced flow conditions. Un- 

26 der reduced flow conditions, which control system 72 
controls via actuation of valve 86, the EGR coolant fluid 
114 rises from approximately 90°C at the EGR coolant 
fluid inlet port 66 to approximately 110'*C at the EGR 
coolantfluid ouflet port 68. This, in turn, reduces the heat 

30 exchange capability of EGR cooler 56 such that the 
EGR gas temperature is cooled from approximately 
350°C at EGR gas inlet port 54 to only approximately 
leo^'C at EGR gas outlet port 58. Such active control 
over EGR gas outlet temperature under light engine 

55 load and/or idle conditions of an internal combustion en- 
gine significantly reduces the tendency to foul EGR 
cooler 56 and produce corrosive condensates thereon 
and on mechanical components downstream of EGR 
cooler 56. 

^ In accordance with another aspect of the present 
invention, EGR coolant flow control valve 86 may be 
controlled via control system 72 according to an EGR 
flow rate signal. In one preferred embodiment, system 
50 is incorporated into an automotive application having 

45 a known electronic control system. Such an electronic 
control system typically includes a number of known 
sensors for detennining such engine operating param- 
eters as engine load, engine speed, mass air flow, intake 
manifold air pressure, percent throttle, and the like. Al- 

50 though not shown specifically in the drawings, outputs 
from such sensors, or outputs from such an electronic 
control system, may be received as one or more of the 
N inputs 74 at input INop of control system 72 (FIG. 2). 
Based on this infomnation, EGR flow rate will be gener- 

ss ally known, or readily computable from existing signals, 
in such systems so that an optimum, or desired, EGR 
gas temperature can be determined as a function there- 
of, or as a function of any number or combination of such 
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engine operating parameters. 

As shown in FIG. 2. EGR flow control valve 28 may 
additionally or alternatively Include a pressure sensing 
mechanism 29 which is operable to sense the pressure 
of EGR gas flowing through valve 28 and provide a sig- s 
nal corresponding thereto to control system 72. Pres- 
sure sensing mechanism 29 may be actually positioned 
anywhere within the EGR gas flow path, the importance 
being that mechanism 29 is operable to sense the pres- 
sure of EGR gas provided by EGR cooler 56 to intake io 
manifold 1 4 of engine 1 2. Control system 72 is operable 
to convert such a pressure signal to a flow rate signal in 
accordance with known techniques. Control system 72 
is then responsive to the EGR gas flow rate signal pro- 
vided thereto at I/O to control the position of valve 86. is 
For example, when engine load Is high, the flow rate of 
EGR gas provided by EGR cooler 56 is correspondingly 
high so that control system 72 positions valve 86 to pro- 
vide a correspondingly high flow rate of coolant fluid 
through EGR cooler 56, thereby lowering the tempera- 20 
ture of EGR gas provided by cooler 56. Conversely, un- 
der light engine k)ad conditions, the flow rate of EGR 
gas provided by EGR cooler 56 is correspondingly low 
so that control system 72 positions valve 86 so as to 
restrict the flow rate of coolant fluid through EGR cooler 2S 
56. thereby increasing the temperature of EGR gas pro- 
vided by EGR cooler 56. 

In accordance with the present invention, control 
system 72 is thus operable to control the positbn of EGR 
coolant fluid flow control valve 86 In accordance with 30 
one or more engine/machine parameters provided 
thereto. For example, the demand for EGR cooling can 
be calculated in accordance with the demand for EGR 
flow rate provided by EGR flow control valve 28 such 
that any additional heat load may be anticipated and 3S 
coolant flow adjusted accordingly via EGR coolant flow 
control valve 86. Alternatively or additionally closed- 
loop control of EGR coolant fluid flow may be achieved 
by determining the temperature of EGR gas supplied at 
EGR gas outlet 58 and adjusting the position of EGR 40 
coolant flow control valve 86 accordingly It Is to be un- 
derstood, however, that while existing engine operating 
parameters and/or a pressure sensing mechanism 29 
may be used to determine an optimum EGR gas tem- 
perature or EGR flow rate, other known mechanisms « 
and/or techniques may be substituted therefore to pro- 
vide control system 72 with a signal or signals indicative 
of an optimum EGR gas temperature and/or EGR flow 
rate control system. 

In one embodiment of such a closed-loop temper- so 
ature. control system 72 is operable to sense the tem- 
perature of EGR gas flowing from EGR gas outlet port 
58 via temperature sensor 94, and nruxlulate EGR cool- 
ant flow control valve 86 in accordance therewith to 
achieve a desired EGR gas outlet temperature. Altema- ss 
tively, control system 72 may be operable to sense the 
temperature of the housing 80 of EGR cooler 56 and 
modulate the poslim of EGR coolant fluid flow control 
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valve 86 in accordance therewith to achieve a desired 
EGR gas outlet temperature at EGR gas outlet port 58. 
In another alternative embodiment, control system 72 Is 
operable to sense EGR coolant outlet temperature via 
temperature sensor 90, and EGR coolant inlet temper- 
ature via temperature sensor 1 02, and modulate the po- 
sition of EGR coolant fluid flow control valve 86 in ac- 
cordance therewith to achieve a desired EGR gas tem- 
perature at EGR gas outlet port 58. When basing the 
position of EGR coolant flow control valve 86 on either 
the temperature sensor signal from temperature sensor 
98 or the temperature sensor signals from temperature 
sensors 90 and 102, control system 72 is preferably op- 
erable to map the temperature signals provided thereby 
to a known or estimated EGR gas temperature exiting 
EGR gas outlet port 58. For example, it is known that 
the temperature of housing 80 of EGR cooler 56 is di- 
rectly proportional to the temperature of EGR gas sup- 
plied by EGR gas outlet 58. Alternatively. EGR gas out- 
let temperature can be estimated from the difference in 
temperature in EGR coolant fluid flowing into and out of 
EGR cooler 56 via temperature sensors 90 and 102. It 
Is to be understood, however, that the present invention 
further contemplates actuating EGR coolant fluid control 
valve 86 strictly in accordance with the temperature sig- 
nals provided by any of temperature sensors 90, 98 and/ 
or 102 without mapping such signals to a known or es- 
timated EGR gas outlet temperature. 

Referring now to FIG. 5, another embodiment of a 
system 1 25 for controlling the temperature of recirculat- 
ed exhaust gas provided to an air intake port of the en- 
gine, in accordance with another aspect of the present 
invention, is shown. System 125 is identical in many re- 
spects to system 50 shown in FIG. 2, and like reference 
numbers will be used to identify like components. Sys- 
tem 125 includes an engine 12, intake manifold 14. air 
intake port 16. exhaust manifold 18, exhaust gas port 
20. fan 22 and conduits 51, 52 and 60 interconnected 
as described with respect to FIG. 2. 

System 125 further includes an EGR cooler 120 
having an EGR gas inlet port 122 connected to conduit 
52 and an EGR gas outlet port 1 24 connected to conduit 
60. EGR cooler 1 20 may or may not include fluid source 
62 and associated structure as shown in phantom in 
FIG. 5, which components have been fully described 
hereinabove. 

A control system 126, identical in many respects to 
control system 72 of FIG. 2, includes an input INqp 
which receives a number N of inputs corresponding to 
machine and/or engine operating parameters via signal 
path 128. Another Input IN^c receives a number K of 
signals from a corresponding number of outputs OUT of 
EGR cooler 1 20 via signal path 1 30. Similarly, an output 
OUTgc of control system 126 provides a number J of 
control signal paths to a corresponding number of con- 
trol signal inputs at input IN of EGR cooler 1 20 via signal 
path 132 as is known in the art. EGR fluid control valve 
28 and signal path 38 may be optbnal in system 125, 
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as will be discussed in greater detail hereinafter, and are 
therefore shown in phantom in two alternative locations 
as discussed with respect to FIG. 2. 

Referring now to FIG. 6. one embodiment of heat 
exchanger, or EGR cooler, 120 and associated control 
system components, in accordance with another aspect 
of the present invention, are shown. EGR cooler 1 20 in- 
cludes an EGR gas inlet port 1 22 at one end thereof and 
an EGR gas outlet port 124 at an opposite end thereof. 
EGR cooler 120 includes a housing 140 defining EGR 
gas Inlet port 122 and EGR gas outlet port 124. and in 
a preferred embodiment of EGR cooler 120, further de- 
fines EGR coolant inlet port 66 and EGR coolant outlet 
port 68. It is to be understood that provisbns for EGR 
coolant fluid flow through EGR cooler 1 20 are not strictly 
required in system 125 of the present invention, al- 
though such coolant fluid flow is preferred. 

Between EGR gas inlet port 1 22 and EGR gas outlet 
port 1 24, EGR cooler 1 20 defines a number of EGR gas 
flow passages 142 therethrough, identical to exhaust 
gas flow paths 82 of FIG. 3A. as shown in FIG. 6A. Areas 

144 about EGR gas flow passages 142 define an EGR 
coolant fluid flow path through EGR cooler 120. 

Control system 1 26 may include one or more inputs 
correspondingly connected to one or more temperature 
sensors 90. 94. 98 and 1 02, identically as described with 
respect to FIG. 3. Such temperature sensors and their 
corresponding signal paths are therefore numbered 
identically to those in FIG. 3, and the description thereof 
will not be repeated here. Thus far, EGR cooler 120 is 
identical to EGR cooler 56 described with respect to 
FIG. 3. 

Unlike EGR cooler 56 of FIG. 3. the EGR gas flow 
passages 142 of EGR cooler 120 are partitioned into 
two subsets 146 and 148 as shown in FIG. 6A. It is to 
be understood however, that the dashed dividing line 

145 is included only to illustrate the partitioning of gas 
flow passages 142 into subsets 146 and 148. and 
should not be interpreted as defining a structural parti- 
tion wall extending through cooler 120. A partitioning 
mechanism 150 separates the number of EGR gas flow 
passages 142 into the two subsets, and the partitioning 
mechanism 1 50 is preferably a flap valve or similar such 
structure coupled to an electronic actuator 152 via me- 
chanical linkage L Actuator 152 is connected to an out- 
put 0UT1 of control system 126 via signal path 154. Flap 
valve 150 is actuatable by control system 126 to one of 
two positions. In a valve closed position, as illustrated 
in FIG. 6, flap valve 150 disables EGR gas entering EGR 
gas inlet 1 22 from flowing through gas flow passages 
142 of subset 146. Conversely, in the valve opened po- 
sition, EGR gas flowing into EGR gas Inlet 1 22 is direct- 
ed through all EGR gas passages 142 of subsets 146 
and 148. Thus, control system 126 is operable to actu- 
ate flap valve 150 to either enable EGR gas flowing into 
EGR inlet 122 to flow through all EGR gas flow passag- 
es 1 42, or to disable EGR gas from flowing through EGR 
gas flow passages 1 42 of subset 146 and thereby ena- 



ble flow only through those EGR gas passages 142 of 
subset 1 48. Preferably, subsets 1 46 and 1 48 include an 
equal number of EGR gas flow passages 142, as illus- 
trated in FIG. 6A. although the present invention con- 

s templates that EGR gas flow passages 1 42 may be par- 
titioned into subsets 146 and 148 having unequal num- 
bers of EGR gas flow passages 142 therein. 

In the operation of the embodiment of system 125 
illustrated in FIGS. 6 and 6A, the heat exchange capa- 

10 bility of EGR cooler 1 20 is varied by changing the sur- 
face area of EGR cooler 1 20 exposed to incoming EGR 
gas by controlling the position of flap valve 150. As dis- 
cussed hereinabove, the surface area of EGR cooler 
120 that is exposed to incoming EGR gas is defined by 

IS the number and cross-sectional area of EGR gas flow 
passages 142. 

The present invention contemplates actuating flap 
valve 1 50 via control system 1 26 in accordance with ei- 
ther temperature signals received from one or more 

20 temperature sensors 90, 94. 98 and 102, in a manner 
identical to that discussed hereinabove with respect to 
FIG. 3, or in accordance with either known engine op- 
erating parameters and/or an EGR flow rate signal pro- 
vided by EGR flow rate control valve 28 as discussed 

25 hereinabove. 

In any case, control system 1 26 is responsive to the 
temperature, EGR gas flow rate and/or other engine op- 
erating parameter signals provided thereto to control the 
position of flap valve 1 50. In accordance with any of the 

^0 signals discussed hereinabove, flap valve 150 may be 
opened to allow passage of EGR gas through both sub- 
sets 146 and 148 of EGR flow passages 142, thereby 
maximizing the cooling effect of EGR cooler 1 20. or flap 
valve 150 may be closed so that incoming EGR gas is 

35 directed only through subset 1 48 of EGR flow passages 
142, thereby decreasing the cooling effect of EGR cool- 
er 120. 

Referring now to FIG. 7, an alternate embodiment 
of EGR cooler 120 and associated control system com- 

40 ponents of system 125 of FIG. 5 is shown. The embod- 
iment of FIG. 7 is kjentical in many respects to the em- 
bodiment of FIG. 6, and like reference numbers are 
therefore used to identify tike components. Previously 
discussed components will not be discussed further for 

45 brevity. 

The embodiment of EGR cooler 1 20 and associated 
control system components of FIG. 7 differ from that 
shown and described with respect to FIG. 6 In two areas, 
namely in the structure of EGR gas inlet control valves 

50 and in the partitioning of the EGR gas flow passages. In 
the embodiment of FIG. 7. any number of EGR gas flow 
control valves may be used to partition the EGR gas flow 
passages of EGR cooler 120 Into a corresponding 
number of subsets thereof. 

55 Referring to FIG, 7, EGR gas inlet port 1 22 leads to 
a throat portion 1 74 having a wall 1 76 therein which de- 
fines three gas flow passages therethrough. Three 
valves 178. 180 and 182 are connected to correspond- 
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ing electronic actuators 184. 186 and188 respectively. 
Actuator 184 is connected to output OUT3 of control 
system 1 26 via signal path 1 94, actuator 1 86 is connect- 
ed to output 0UT2 of control system 1 26 via signal path 
192 and actuator 188 is connected to output OUT1 of 
control system 126 via signal path 190. 

Each of the valves 178-182 may be individually 
pulled away from wall 176 under the control of control 
system 1 26. as Illustrated by valve 1 82 In FIG. 7, to per- 
mit incoming EGR gas. to flow through a corresponding 
gas flow passage defined in wall 176 and Into a subset 
of EGR gas flow passages 162 defined within housing 
160 of EGR cooler 120. Additfonally. each of the valves 
178-182 may be individually advanced toward wall 176 
under the control of control system 1 26, into sealing en- 
gagement with a corresponding EGR gas flow passage- 
way defined therein, as illustrated in FIG. 7 by valves 
178 and 180. In the advanced position, each valve is 
operable to disable EGR gas from flowing through a cor- 
responding partitioned subset of EGR gas flow passag- 
es 162. 

The embodiment illustrated in FIG. 7 is nearly iden- 
tical to the embodiment shown In FIG. 6 in that control 
system 126 is operable to control the surface area of 
EGR cooler 1 20 that is exposed to EGR gas In accord- 
ance with temperature, EGR flow rate and/or engine op- 
erating condition signals as described hereinabove. In 
the embodiment of FIG. 7, control system 126 does so 
by selectively withdrawing and advancing any of valves 
178-182 to thereby effectively control the heat exchange 
capability of EGR cooler 120. 

While the embodiment illustrated in FIG. 7 is shown 
as having three flow control valves 178-182, It is to be 
understood that the present invention contemplates par- 
titioning the number of EGR gas flow passages 162 into 
any number of subsets, thereby requiring any corre- 
sponding number of flow control valves. In FIG. 7, three 
such flow control valves 178-182 are shown and the 
number of EGR gas flow passages 162 are therefore 
partitioned into three separate subsets. Referring to 
FIG. 8A, one preferred partitioning scheme partitions 
the number of EGR gas flow passages 162 into three 
approximately equal subsets 166 A. 166B and 166C 
thereof. Within each subset, areas 164 about EGR gas 
flow passages 162 define an EGR coolant flow path, if 
such an EGR fluid source 62 is provided. Referring to 
FIG. 8B, an altemate partitioning scheme partitions the 
number of EGR gas flow passages 162 Into three sub- 
sets 168A, 168B and 168C having unequal numbers of 
EGR gas flow passages therein. 

Referring now to FIG. 8C, the present Invention 
contemplates substituting at least one subset of EGR 
gas flow passages 162 with an EGR gas bypass chan- 
nel 172 defined by walled portion 172a, leaving the 
number of EGR gas flow passages 1 62 to be partitioned 
into two equal or unequal subsets 170A and 170B. In 
the embodiment shown in FIG. 8C. bypass channel 172 
defines a very low effectiveness EGR gas cooling path 



through the cooler 120. with a similarly low pressure 
drop therethrough, so that the temperature and pres- 
sure of EGR gas flowing therethrough is only minimally 
affected. In accordance with another aspect of the 
5 present invention, control system 1 26 is operable, under 
light engine load conditions, to disable EGR gas from 
flowing through subsets 170A and 170B and direct all 
of the EGR gas through bypass channel 172. thereby 
effectively bypassing the cooling effect of EGR cooler 

10 1 20 and thereby avoiding fouling and condensation of 
cooler 1 20 as well as the downstream mechanical com- 
ponents. Under heavier engine load conditions, control 
system 126 is operable to selectively enable EGR gas 
flow through subsets 1 70A and/or 1 70B. As with the pre- 

is vious embodiments discussed hereinabove, control 
system 1 26 Is operable to control EGR gas flow through 
any of the partitioning arrangements shown in FIGS. 8A- 
8C in response to temperature signals from any of tem- 
perature sensors 90-1 02. or in response to either engine 

20 operating parameters and/or sensed EGR gas flow rate 
conditions as discussed hereinabove. As with the parti- 
tioning embodiment shown in FIG. 6A, it is to be under- 
stood that the dashed-line partition segments in FIGS. 
8A-8C are provided for. illustration only, and do not rep- 

25 resent any wall structure within cooler 1 20. 

With any of the partitioning structures of FIGS. 8A- 
8C, the present invention contemplates that the EGR 
gas flow control valve 28 of FIG. 5 may be omitted, so 
that control system 126 may simultaneously control the 

50 flow rate and temperature of EGR gas provided to intake 
manifold 14 of engine 12 through control of valves 
178-182. Such an arrangement would not only provide 
for a high level of active control over the temperature of 
EGR gas provided at outlet 124. with all the benefits 

35 thereof described herein, but would further obviate the 
need for the expensive and space consuming EGR gas 
flow control valve 28. 

Referring to FIG. 9A, one embodiment of valve en- 
gaging wall 1 76 of cooler 1 20 of FIG. 7 is shown. In the 

40 embodiment of FIG. 9A, wall 176 includes three identi- 
cally sized bores 200. 202 and 204 therethrough, each 
of which are adapted to sealingly engage a correspond- 
ing one of valves 178. 180 and 182. In this embodiment, 
each of the bores 200-204 are configured to provide for 

^ an approximately equal gas flow rate therethrough. Re- 
ferring to FIG. 98. an alternate embodiment of valve en- 
gaging wall 1 76 of cooler 1 20 of FIG. 7 is shown. In the 
embodiment of FIG. 9B, wall 176 Includes three bores 
206, 208 and 210 therethrough, wherein the widths of 

50 the bores as well as the width of the corresponding 
valves 178, 180 and 182 are graduated to provide for 
proportional flow of gas therethrough. Thus, the control 
system 126 may selectively actuate valves 178-182 as 
described hereinabove to provide for "trimming* of the 

55 EGR gas flow rate in response to degradation of cooler 
1 20 or other sources of variability in EGR gas flow rate. 

While the invention has been illustrated and de- 
scribed in detail in the drawings and foregoing descrip- 
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tion. the same Is to be considered as illustrative and not 
restrictive in character, it being understood that only the 
preferred embodiments have been shown and de- 
scribed and that all changes and modificatbns that 
come within the spirit of the invention are desired to be s 
protected. For example, while the present invention has 
been described herein to some extent as being directed 
a motor vehicle application, and to one having a diesel 
engine specifically, it is to be understood that the present 
invention contemplates that the concepts described 10 
herein may be Incorporated into any machine which in- 
cludes an internal combustion engine. Further, it is to be 
understood that the present invention contemplates that 
any of the techn iques separately described hereinabove 2. 
may be combined to form a combination EGR gas cooler is 
and EGR gas flow rate controller so that an'EGR flow 
rate control valve 28 may be omitted as unnecessary. 
For example, the partitioned cooler 120 of FIG. 7 may 
be used with either valve wall 176 embodiment to pro- 
vide for controlled EGR gas temperature and flow rate. 20 
Similarly, the partitioned cooler 120 of FIG. 7 may be 
used with either valve wall 176 embodiment in conjunc- 
tion with the coolant flow techniques described herein 
to provide for a high level of control over both EGR gas 
flow rate and EGR gas temperature. Other comblna- 25 
tions of the various structures and techniques described 
herein will become apparent to those skilled in the art. 3. 
It should further be noted that the term "engine operating 
parameter' as used herein should be understood to 
mean any of the EGR temperature sensor signals de- 30 
scribed herein, any of the EGR gas flow rate signals de- 
scribed herein and/or any of the engine operating pa- 
rameters typically available In an electronically control- 
led engine and/or machine such as, for example, engine 
load, air intake manifold pressure, mass air flow rate, 55 
throttle percentage, engine RPM, engine fueling rate, 
and the like. 



Claims 40 

1. Apparatus for controlling the temperature of recir- 
culated exhaust gas in an Internal combustion en- 
gine, comprising: 

4S 

a source of coolant fluid; 
a heat exchanger including a housing defining 
a gas inlet port, a gas outlet port, a coolant Inlet 
port and a coolant outlet port, said gas inlet port 
being coupled to an exhaust gas port of the en- so 
gine, a gas outlet port being coupled to an air 
intake port of the engine, said coolant inlet port 
being connected to said source of coolant fluid 
and said heat exchanger defining a coolant flow 
path therethrough from said source of coolant ss 
fluid to said coolant outlet port; 
a coolant control valve disposed within said 
coolant flow path and operable to control a rate 



of coolant flow therethrough; 
a temperature sensor operable to sense heat 
exchanger housing temperature and produce a 
temperature signal con'esponding thereto; and 
an electronic control system responsive to sakJ 
temperature signal to provid^ a coolant valve 
control signal corresponding thereto, said cool- 
ant control valve being responsive to said cool- 
ant valve control signal to control said rate of 
coolant flow through said coolant flow path and 
thereby control said recirculated exhaust gas 
temperature. 

Apparatus according to claim 1 , comprising: 

a first conduit coupled at one end to the exhaust 
gas port of the engine; 

a second conduit coupled at one end to the air 
intake port of the engine; 
said gas inlet port being connected to an oppo- 
site end of said first conduit and receiving ex- 
haust gas therefrom, said gas outlet port being 
connected to an opposite end of said second 
conduit and supplying recirculated exhaust gas 
thereto. 

Apparatus for controlling the temperature of recir- 
culated exhaust gas in an internal combustion en- 
gine, comprising: 

a source of coolant flukJ; 
a heat exchanger receiving gas from an ex- 
haust gas port of the engine and providing re- 
circulated exhaust gas to an air intake port of 
the engine, said heat exchanger defining a 
coolant flow path therethrough and having a 
coolant control valve operable to control a rate 
of coolant fluid flow through said flow path from 
said source of coolant fluid; 
a first temperature sensor disposed within said 
coolant flow path and operable to produce a 
first temperature signal corresponding to cool- 
ant fluid temperature entering said heat ex- 
changer; 

a second temperature sensor disposed within 
sakJ coolant flow path and operable to produce 
a second temperature signal corresponding to 
coolant fluid temperature exiting said heat ex- 
changer; and 

an electronic control system responsive to said 
first and second temperature signals to provide 
a coolant valve control signal corresponding 
thereto, said coolant control valve being re- 
sponsive to said coolant valve control signal to 
control saki rate of coolant flow through said 
coolant flow path and thereby control saki re- 
circulated exhaust gas temperature. 
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4. Apparatus according to claim 3, comprising: 

a first conduit coupled at one end to the exhaust 
gas port of the engine; 

a second conduit coupled at one end to the air s 
intake port of the engine; 
the heat exchanger including a gas inlet port 
connected to an opposite end of said first con- 
duit and receiving exhaust gas therefrom, a gas 
outlet port connected to an opposite end of said io 
second conduit and supplying recirculated ex- 
haust gas thereto, a coolant inlet port connect- 
ed to said source of coolant fluid and a coolant 
outlet port, said coolant control valve being dis- 
posed within said coolant flow path. is 

5. Apparatus for controlling the temperature of recir- 
culated exhaust gas in an internal combustion en- 
gine, comprising: 

20 

a first conduit coupled at one end to an exhaust 
gas port of the engine; 

a second conduit coupled at one end to an air 
inlet port of the engine; 

a heat exchanger including a gas inlet port con- 2S 
nected to an opposite end of said first conduit 
and receiving exhaust gas therefrom, a gas out- 
let port connected to an opposite end of said 
second conduit and supplying recirculated ex- 
haust gas thereto, said heat exchanger defining 30 
a number of exhaust gas flow paths there- 
through from said gas inlet port to said gas out- 
let port; 

means for selectively disabling exhaust gas 
flow through certain ones of said number of ex- 3S 
haust gas flow paths; and 
means for controlling said means for selectively 
disabling exhaust gas flow through certain ones 
of said number of exhaust gas flow paths to 
thereby control the temperature of said recircu- 4o 
lated exhaust gas. 

6. Apparatus according to claim 5, wherein said 
means for selectively disabling exhaust gas flow 
through certain ones of said number of exhaust gas 
flow paths Includes a first exhaust gas control vafve 
responsive to a first control signal to disable gas 
flow through a first subset of said number of exhaust 
gas flow paths to thereby vary said heat exchange 
capability of said heat exchanger so 

7. Apparatus according to claim 6, wherein said 
means for selective^ disabling exhaust gas flow 
through certain ones of said number of exhaust gas 
flow paths includes a second exhaust gas control ss 
valve responsive to a second control signal to dis- 
able gas flow through a second subset of said 
number of exhaust gas flow paths to thereby vary 



said heat exchange capability of said heat exchang- 
er. 

8. Apparatus according to claim 7, wherein said 
means for selectively disabling exhaust gas flow 
through certain ones of said number of exhaust gas 
flow paths includes a third exhaust gas control valve 
responsive to a third control signal to disable gas 
flow through a third subset of said number of ex- 
haust gas flow paths to thereby vary said heat ex- 
change capability of said heat exchanger. 

9. Apparatus according to claim 7, wherein said heat 
exchanger defines a gas bypass channel there- 
through from said gas inlet port to said gas outlet 
port, said gas bypass channel providing for exhaust 
gas flow therethrough with a minimal effect on the 
temperature of the exhaust gas; and wherein said 
means for selectively disabling exhaust gas flow 
through certain ones of said number of exhaust gas 
flow paths further includes a third exhaust gas con- 
trol valve responsive to a third control signal to en- 
able gas flow through a said gas bypass channel. 

10. Apparatus according to any one of claims 1 to 4. 
wherein said electronic control system is respon- 
sive either to said temperature signal or to said first 
and second temperature signals to detemiine said 
recirculated exhaust gas temperature therefrom 
and produce said coolant valve control signal in ac- 
cordance with said recirculated exhaust gas tem- 
perature. 

11. Apparatus for controlling the temperature of recir- 
culated exhaust gas in an internal combustion en- 
gine, comprising: 

a heat exchanger having a gas inlet port receiv- 
ing exhaust gas from an exhaust gas port of the 
engine and a gas outlet port supplying recircu- 
lated exhaust gas to an air intake port of the 
engine, said heat exchanger defining a number 
of exhaust gas flow paths therethrough from 
said gas inlet port to said gas outlet port and 
having a first exhaust gas control valve respon- 
sive to a first control signal to selectively disable 
exhaust gas flow through certain ones of said 
number of exhaust gas flow paths; and 
means for producing said first control signal to 
thereby control said recirculated exhaust gas 
temperature. 

12. Apparatus according to claim 11, wherein said first 
exhaust gas control valve is responsive to sakJ first 
control signal to disable gas flow through a first sub- 
set of said number of exhaust gas flow paths to 
thereby vary said heat exchange capability of saki 
heat exchanger. 
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1 3. Apparatus according to claim 6 or claim 1 2, wherein 
said first subset of said number of exhaust gas flow 
paths includes approximately one half of said 
number of exhaust flow paths. 

5 

14. Apparatus according to claim 12, further including 
a second exhaust gas control valve responsive to a 
second control signal to disable gas flow through a 
second subset of said number of exhaust gas flow 
paths to thereby vary said heat exchange capability io 
of said heat exchanger; and 

wherein said means for producing said first 
control signal Includes means for producing said 
second control signal. 

1$ 

15. Apparatus according to claim 14. further including 
a third exhaust gas control valve responsive to a 
third control signal to disable gas flow through a 
third subset of said number of exhaust gas flow 
paths to thereby vary said heat exchange capability 20 
of said heat exchanger; and 

wherein said means for producing said first 
and second control signals includes means for pro- 
ducing said third control signal. 

2S 

16. Apparatus according to claim 8 or claim 1 5, wherein 
each of said first, second and third subsets of said 
number of exhaust gas flow paths include approxi- 
mately an equal number of exhaust gas flow paths. 

30 

1 7. Apparatus according to claim 8 or claim 1 5, wherein 
said flrst, second and third subsets of said number 
of exhaust gas flow paths include unequal numbers 
of exhaust gas flow paths. 

35 

1 8. Apparatus according to claim 1 4, wherein said heat 
exchanger deflnes a gas bypass channel there- 
through from said gas inlet port to said gas outlet 
port, said gas bypass channel bypassing providing 

for exhaust gas flow therethrough with a minimal ef- 40 
feet on the temperature of the exhaust gas; 

and further including a third exhaust gas control 
valve responsive to a third control signal to en- 
able gas flow through a said gas bypass chan- 45 
nel; 

and wherein said means for producing said first 
and second control signals Includes means for 
producing said third control signal. 

so 

1 9. Apparatus according to claim 9 or claim 1 8, wherein 
said flrst. second and third exhaust gas control 
valves are responsive to said first, second and third 
control signals to direct air flow through desired 
ones of said flrst and second subsets of said gas ss 
flow paths and said gas bypass channel to simulta- 
neously vary said heat exchange capability of said 
heat exchanger and modulate a flow rate of said re- 



circulated exhaust gas to said air inlet port of the 
engine. 

20. Apparatus according to any one of claims 6 to 9, 1 2, 
15, 18 and 19, wherein either said means for con- 
trolling said means for selectively disabling exhaust 
gas flow through certain ones of said number of ex- 
haust gas flow paths, or said means for producing 
either said flrst control signal or said flrst, second 
and third control signals includes means for deter- 
mining either recirculated exhaust gas temperature 
or a flow rate of said recirculated exhaust gas and 
producing the respective control signal or control 
signals in accordance therewith to thereby control 
the temperature of said recirculated exhaust gas. 

21. Apparatus according to claim 20. wherein said 
means for determining either recirculated exhaust 
gas temperature or a flow rate of said recirculated 
gas includes: 

a sensor which is a temperature sensor or a 
pressure sensor as appropriate disposed within 
said recirculated exhaust gas, said sensor pro- 
ducing a respective temperature signal or gas 
pressure signal corresponding to said recircu- 
lated exhaust gas temperature or the pressure 
of said recirculated gas; and 
an electronic control system responsive to said 
temperature or pressure signal to produce ei- 
ther said flrst control signal or said flrst, second 
and third control signals. 

22. Apparatus according to claim 21 , wherein said sen- 
sor is disposed within said gas outlet port of said 
heat exchanger. 

23. Apparatus according to claim 20, wherein said heat 
exchanger includes a housing defining said gas in- 
let port and said gas outlet port, and housing said 
number of exhaust gas flow paths therein; 

and wherein said means for determining recir- 
culated exhaust gas temperature includes: 
a temperature sensor operable to sense heat 
exchanger housing temperature and produce a 
temperature signal corresponding thereto; and 
an electronic control system responsive to said 
temperature signal to produce either said flrst 
control signal or said first, second and third con- 
trol signals. 

24. Apparatus according to claim 2. claim 10 or claim 
23, wherein said temperature sensor is attached to 
an outer surface of said heat exchanger housing. 
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